ABSTRACT: Skeletal sexual dimorphism manifests as size or shape differences between males and females in a population. Certain dimorphic traits are used in sex estimation methods, and populational variation in the expression of these traits can result in inaccurate sex estimation. However, the underlying causes of variation in trait expression remain unclear. This study explores body size, which also exhibits sexual dimorphism, as a potential factor influencing trait expression. To test this, skeletons of 209 individuals of varying body size were analyzed, and morphological traits were scored according to the Walker (2008), Klales et al. (2012) , and Rogers (1999) sex estimation methods. Statistical analyses found significant correlations between body size parameters and expression of traits, with stature explaining more relative variance in trait expression than body mass. However, the relationships are weak and few in number, suggesting that body size has a minimal impact on the expression of these morphological traits.
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The focus on skeletal sexual dimorphism in forensic anthropology has resulted in a handful of widely used morphological sex estimation methods (1) (2) (3) (4) (5) . Accurate sex estimation is a crucial facet of victim identification, and contributes to the precision of other aspects of the biological profile. For example, stature is estimated by entering post-cranial measurements into sex-based linear regression formulae, as sex is known to influence the body proportions used to determine stature (6) . Yet, the accuracy of sex estimation methods has been shown to fluctuate across global populations, indicating variation in the expression of sexually diagnostic traits (7) (8) (9) (10) . However, the underlying components of sexual dimorphism that contribute to variation in trait expression have not yet been identified. One of the most obvious manifestations of sexual dimorphism is body size, with adult males being, on average, 15% heavier and 9% taller than adult females (11) . Although stature and/or body mass have been identified as factors influencing skeletal morphology relevant to other parts of the forensic biological profile (12, 13) , its association with sexually dimorphic traits is largely understudied.
Few studies have directly tested the relationship between body size and the sexual dimorphism of forensic traits. Garvin et al. (14) tested for the effects of body size on cranial morphological traits by applying the Walker (1) sex estimation method to individuals from different populations. Stature and body mass represented proxies for body size, and were estimated using femoral length and femoral head diameter measurements, respectively. Results showed relationships between traits and body size parameters in some populations, but relationships were weak and not consistent across all groups suggesting that forensic cranial traits are relatively unaffected by stature and weight.
However, little is known regarding the effects of body size on morphological traits from different skeletal regions, a relationship that is important to understand given the variety of sex estimation methods currently in use today. The present study expands on Garvin et al. (14) to test the relationship between body size and morphological traits from three skeletal regions: the cranium, pelvis, and distal humerus.
Materials and Methods
The sample for this study consists of 209 skeletons (n = 100 females; n = 109 males) that were randomly selected from the William M. Bass Donated Skeletal Collection (referred to throughout as the Bass Collection) at the University of Tennessee, Knoxville. To minimize the potential effects of ancestry, only white adults were analyzed, ranging in age from 19 to 97 years old. All individuals in the sample were of known demography, and self-reported stature and body mass data were retrieved from the Bass Collection database. Both self-reported values are provided by the donor at the time of pre-registration for University of Tennessee, Knoxville's body donation program. It has been shown that self-reported values, such as those recorded on a driver's license, are often approximations that do not precisely reflect the individual's true height and weight, and biases in the reporting of these values have been directly linked to age (15) , sex (16) , and obesity status (17) . Even an accurate measure at the time of pre-donation will not reflect drastic changes in body size that may have occurred throughout life, as both stature and body mass may not remain consistent after an individual achieves his/her full growth potential. However, other body size values (such as cadaver measurements or forensically estimated stature and body mass) have their own sources of error; therefore, self-reported values were used for the present study, as these are the measures that are often relied upon in a forensic context. Table 1 pelvic traits consist of the ventral arc, the medial aspect of the ischiopubic ramus ridge, and subpubic contour. The Rogers distal humerus method uses a binary trait scoring system, where each of four traits is classified as presenting male expression or female expression. Traits analyzed in this method are trochlear constriction, trochlear symmetry, olecranon fossa shape and depth, and angle of the medial epicondyle.
For the present study, traits for all individuals were scored by a single author (HH). Intraobserver agreement for ordinal trait scoring was established prior to conducting methods on the research sample. The 12 morphological traits were scored for 10 skeletons, and re-scored 4 days later. None of the individuals used for the intraobserver agreement test were included in the final research sample. Cohen's kappa test was used to determine intraobserver agreement for categorical trait assignments between scoring trials. Cohen's kappa was selected over a simple percent agreement calculation due to its ability to account for any agreement between trials occurring by chance (18) .
Traits were scored without prior knowledge of the sex, age, stature, weight, or cause of death of the individual. When possible, bones or features from the left side were scored. In the case that a left-side feature was missing, pathologically altered, or otherwise compromised, right-side elements were observed instead. Individuals were excluded from the sample if there were conditions that compromised an unpaired trait, such as alveolar resorption impeding observation of the mental eminence.
All statistical analyses for this research were conducted using R (19) . Preliminary statistical testing confirmed that the random samples of both males and females were normally distributed for stature (Shapiro-Wilk test, female p = 0.06; male p = 0.21). Body mass exhibited a non-normal distribution for both sexes (Shapiro-Wilk test, female p < 0.01; male p = 0.01), and approximately 50% of the individuals in the sample are considered overweight or obese based on BMI calculations (BMI ≥ 25; Table 1 ).
Analytical Methods
To illustrate the variation in trait expression for the sample, trait score frequencies were determined by calculating the proportion of males and females that achieved each ordinal/binary score for all morphological traits. Stature and body mass were analyzed individually to determine their relative influence on morphological trait expression. Polyserial correlations between the body size parameters and trait scores were used to test whether sex-specific body mass and stature influence the expression of traits. One-way ANOVAs were conducted to test for significant differences in stature across groups of Walker and Klales et al. ordinal trait scores. Post-hoc Tukey's honest significant difference (HSD) tests were applied to test pairwise differences in the cases where the ANOVA returned significant results. T-tests were used to test for differences in stature between binary Rogers trait scores. Kruskal-Wallis and MannWhitney U tests complemented the polyserial correlations by determining whether body mass was significantly different among trait scores. The Kruskal-Wallis tests were used for the Walker and Klales et al. methods, while the binary scoring of the Rogers method required the Mann-Whitney U analysis.
Results

Intraobserver Agreement
Cohen's kappa was conducted to test intraobserver agreement for scoring morphological traits between trials. The results show perfect intraobserver agreement on 120 trait scores (12 morphological traits on each of ten individuals), indicating that all Walker and Klales et al. traits were assigned the same ordinal scores, and all Rogers traits were consistently assigned the same M/F scores for ten individuals (K = 1, p < 0.01).
Trait Score Frequencies
The proportion of each ordinal or binary score by sex is illustrated in Figs 1-3 , showing the distribution of trait expression for the sample. Traits display a range of overlap between the sexes, with the pelvic traits generally exhibiting the clearest dimorphism for the sample.
Stature Results
Polyserial correlations tested for the relationship between individual trait scores and stature. Results show no significant correlations for female traits, yet male stature exhibits significant Figs 4-7) . T-tests for the Rogers distal humerus traits show no significant relationship between binary trait scores and stature for either sex.
Results from the post-hoc Tukey's HSD tests show that significant stature differences across ordinal trait scores occur specifically between scores 2 and 5 for mastoid process and mental eminence, between scores 3 and 5 for mastoid process, and between scores 2 and 4 for ventral arc (Tables 2-4 ). Despite the significant ANOVA results observed for male supraorbital margin, the post-hoc Tukey's HSD fails to identify any significant differences between supraorbital margin ordinal scores (Table 5) .
Body Mass Results
Polyserial correlations for body mass only produce significant correlations with female nuchal crest (r = 0.234, p = 0.016) and ventral arc (r = À0.250, p = 0.031); the remaining female traits and all male traits display no significant relationships with donor body mass. Results of the Kruskal-Wallis (p-values ranging from 0.08 to 0.98) for the cranial and pelvic traits and the Mann- (1) cranial trait scores between the sexes (G, glabella; MP, mastoid process; ME, mental eminence; SM, supraorbital margin; NC, nuchal crest).
FIG. 2--Proportional distribution of Klales et al. (3) pelvic trait scores
between the sexes (VA, ventral arc; MA, medial aspect of the ischiopubic ramus; SPC, subpubic contour). (4) distal humerus trait assignments between the sexes (TC, trochlear constriction; TS, trochlear symmetry; OFSD, olecranon fossa shape/depth; AME, angle of the medial epicondyle). Whitney U tests (p-values ranging from 0.36 to 0.78) for the humerus traits show that trait scores were not significantly different at different body masses, indicating a limited relationship between body mass and the expression of traits specifically used for sex estimation in this study.
FIG. 3--Proportional distribution of Rogers
Discussion
The present research was designed to address an under-studied facet of human variation literature: whether body size, a sexually dimorphic biological trait, is linked to the expression of sexually diagnostic morphological traits in the human skeleton. This study expanded on previous research by Garvin et al. (14) by including the analysis of morphological traits from additional skeletal regions of the pelvis and distal humerus.
Trait score distributions show a high degree of co-occurrence of scores between the sexes and confirm that the expression of sexual dimorphism varies across skeletal regions. Such substantial overlap in trait expression, along with the observed differences in skeletal regions, suggests that there is greater variation in trait expression within the sexes than between the sexes. It also indicates that any underlying factor(s) influencing the expression of sexually dimorphic traits has differential effects across the skeleton.
Stature does not appear to be influencing the expression of female traits; however, males show a significant stature relationship with three cranial traits (mastoid process, mental eminence, and supraorbital margin) and one pelvic trait (ventral arc). Despite significant ANOVA results, no significant supraorbital margin score pairs were detected, probably due to the conservative nature of the pairwise tests. However, differences between scores 2 and 4 and between 2 and 5 approach statistical significance (p = 0.257 and 0.288, respectively; italicized in Table 5 ), therefore it is likely that these pairs are responsible for the significant ANOVA results for the supraorbital margin.
All significant male score pairs show increases in stature from the lower ordinal score to the higher ordinal score. Because male trait expression tends to be larger and more robust, there is likely a relationship between overall skeletal growth and expression of individual traits. Indeed, variation in sexual dimorphism is related to the differences in onset, rate, and duration of skeletal growth between males and females (20) . The extended growth period traditionally experienced by males can result in taller final adult height, and, in combination with their higher relative level of testosterone (which inhibits bone resorption; [21] ), may contribute to the significant relationships observed between male morphological trait expression and stature.
Body mass exhibits a limited influence on the expression of sexually dimorphic traits in this study, as it only significantly associates with one cranial (nuchal crest) and one pelvic trait (ventral arc) for females, and zero traits for males. It is unclear why body mass is only associated with female traits. It is possible this is due to random sampling bias and may not be indicative of a true biological relationship.
When comparing the relative effects of stature and body mass on trait expression, stature appears to be responsible for more variation in morphology than body mass. Interestingly, a study by Merritt (12) which tested the effects of body size on another aspect of the biological profile -age estimation -found contrasting results: that body mass has a stronger influence on bone morphology than does stature.
The discrepancy between Merritt's findings and the findings of this study may be due to inherent differences in the skeletal regions anthropologists use to estimate sex and age. Age estimation methods primarily focus on joint morphology, which exhibit degenerative changes as individuals grow older. Consequently, Merritt's study utilized morphology associated with the sternal joint surfaces of the ribs (22, 23) and the pubic symphysis and auricular surface of the pelvis (24) (25) (26) . The joint sites involved in Merritt's age estimation methods are sites of biomechanical loading, which can be altered by weight and subsequently affect bone morphology (27) (28) (29) . In the present study, neither the Walker nor Klales et al. traits are directly involved in joint articulations, and therefore may be less affected by the biomechanics that weight might induce. The Rogers distal humerus traits are joint-related, yet they show no increased association with body mass. This may be due to the fact that the distal humerus is a non-weight bearing synovial joint, which has mechanisms that reduce friction and therefore will not exhibit the same morphological changes as are seen in cartilaginous joints such as the pubic symphysis and sternal rib ends. The auricular surface, used by two of the aging methods in Merritt's study (25, 26) , is also a synovial joint like the elbow, however it bears more weight than the distal humerus, resulting in the auricular surface being more subject to influence by body mass. Additionally, the age-and weight-related changes most often seen in the distal humerus are diseases such as osteoarthritis (29) , and, as previously mentioned, any individuals who clearly exhibited arthropathies inhibiting the author's ability to visually assess morphologies were excluded from the present sample. The inherent differences in the types of skeletal regions used for age estimation versus sex estimation likely account for the contrasting conclusions regarding body mass's influence on bone morphology.
The present study only shows a handful of male and female trait scores as being significantly associated with stature and body mass. Furthermore, the relationships illustrated here are relatively weak, indicating that body size has little effect on the expression of dimorphic morphology. This is consistent with the results found by Garvin et al. (14) , and provides new information on how this relationship manifests in other areas of the skeleton.
Due to the weak nature of the relationships, it is doubtful that body size contributes to the variation in sex estimation method accuracy that has been documented in our global application of methods; however, additional research is needed to confirm this. Furthermore, future studies should consider establishing whether a relationship exists between morphological trait expression and body size in other populations, as body size is regionally variable (30) in addition to being sexually dimorphic.
Conclusion
This research illustrates that body size parameters stature and body mass display different relationships with the male and female expression of morphological traits used in forensic sex estimation. Male traits show significant relationships with stature, with higher (more robust) scores for these traits being associated with taller statures. In contrast, females exhibit trait relationships with body mass, though the reason for this is unknown. Stature also appears to have greater relative influence on male trait expression than body mass does on female trait expression. While the relationships discovered here are significant, they are few in number and weak, largely ruling out body size as a contributor to differential expression of traits. Future studies should pursue alternative sources of variation as factors influencing morphological trait expression.
